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Abstract
The progression of manganism with chronic exposure to airborne manganese (Mn) is not well 
understood. Here, we further investigate the findings on exposure and neurobehavioral outcomes 
of workers from a silico- and ferromanganese production plant and non-exposed workers from the 
same community in 1990 and 2004, using a variety of exposure metrics that distinguish particle 
size and origin within the range of respirable airborne exposures. Mn exposure matrices for large 
respirable particulate (Mn-LRP, dust) and small respirable particulate (Mn-SRP, fume), based on 
process origins, were used together with detailed work histories since 1973 (plant opening), to 
construct exposure metrics including burdens and cumulative burdens with various clearance half-
lives. For three out of eight 1990 neurobehavioral tests analyzed with linear regression models, 
duration of Mn exposure was the best predictor: Luria-Nebraska Neuropsychological Battery – 
Motor Scale, Trail-Making B and Finger Tapping. The Luria-Nebraska Motor Scale had the 
strongest association (t ~ 5.0, p < 10−6). For outcomes on three other tests, the duration and Mn-
SRP metrics were comparable: Trail Making Test A, Cancellation H and Stroop Color-Word Test 
(color/word subtest). Delayed Word Recall was best predicted by Mn-SRP (based on square root 
or truncated air-concentrations). The Word score on the Stroop Color-Word Test was the only 
outcome for which Mn-LRP was the leading predictor (t = −2.92, p = 0.003), while performance 
on the WAIS-R Digit Span Test was not significantly predicted by any metric. For outcomes 
evaluated in both 1990 and 2004, a mixed-effect linear regression model was used to examine 
estimates of within-individual trends. Duration and Mn-SRP were associated with performance on 
the Luria-Nebraska Motor Scale, as well as with other outcomes that appeared to have both 
reversible and progressive features, including Trail Making A and B, Cancellation H and Delayed 
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Word Recall. With the mixed-effect model, Digit Span exhibited a significant irreversible 
association with exposure duration (t = −2.34, p = 0.021) and Mn-SRP (square root; t =−2.38, p = 
0.019) metrics. The strong prediction using duration of exposure is consistent with effective 
homeostatic regulation of tissue-level Mn in the observed exposure range of respirable Mn (<0.2 
mg/m3).
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1. Introduction
High exposures of workers to manganese (Mn) in mining, manufacturing operations and 
welding can lead to manganism (Levy and Nassetta, 2003), an atypical form of 
parkinsonism (Guilarte, 2013). Early manganism resulting from sustained lower exposures 
to Mn, reported in epidemiologic studies of active workers, is characterized by reduced 
motor coordination, tremor, cognitive deficits and mood lability (for review see: ATSDR, 
2000; Mergler and Baldwin, 1997; Zoni et al., 2007). However, relations between 
neurobehavioral test results and measures of exposure are inconsistent; some studies have 
reported diminished performance associated with blood Mn or with a cumulative index, 
others have only reported differences between the exposed workers and a referent group (for 
review see: Park, 2013). Systemic uptake of manganese occurs largely via the pulmonary 
route because excess Mn absorbed from the GI tract is efficiently eliminated (Andersen et 
al., 1999). Larger inhaled particles (>1.0 μm) are generally transported to the GI tract. 
Uptake of small particles containing manganese via the olfactory nerve has also been 
proposed (Elder et al., 2006; Fechter et al., 2002). One important question concerns the 
relative potency of airborne Mn in the respirable size range when present as a dust (>1.0 μm 
in diameter), typically from crushing operations, or as a smaller, condensation fume (≪1.0 
μm in diameter) from electric furnace or welding emissions. Because manganese is an 
essential nutrient, it is under complex homeostatic regulation (Schroeter et al., 2011) which 
could influence the shape of the exposure response.
In 1990, Mergler et al. (1994) evaluated workers employed at a ferro- and silicomanganese 
alloy production plant with exposures to Mn dust (crushing operations) and fume (a sealed 
submerged arc electric furnace) that operated in Quebec, Canada beginning in 1973 and 
closing in 1991. After 1991 there was no comparable industrial facility in this area.
One hundred and fifteen alloy workers (95% of those eligible) and 145 community-derived 
referent workers were assessed using an extensive neuropsychological test battery. Exposure 
concentrations, at the time of the study, averaged 0.23 mg/m3 (geometric mean, GM) for 
total Mn and 0.04 mg/m3 (GM) for respirable Mn. Compared to the referents, Mn-exposed 
workers reported a higher prevalence of symptoms and matched-pair analyses showed 
deficits in motor, cognitive and emotional functioning (Mergler et al., 1994). The plant 
closed in 1991 and later Bouchard et al. (2007, 2008) conducted a 14-yr follow-up 
assessment of the Quebec alloy workers, using a reduced neuropsychological battery. The 
follow-up showed that the Mn-exposed workers still displayed poorer performance than 
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controls for several motor tasks, while on other tests, differences were no longer observable 
with the exception of older workers who showed poorer results for certain cognitive tests 
compared to their referents. Exposure at this workplace was extensively analyzed by 
Baldwin et al. (2008) using data taken at the time of the study, as well as historical data, 
coupled to workers’ records from the plant opening to its closure. We recently examined 
blood levels of Mn from the 1990 survey in relation to exposure history (applying various 
half-lives to exposures) and observed that air concentrations of Mn as small respirable 
particulates (Mn-SRP, largely fume) were much stronger predictors of blood levels than the 
larger respirable particulates (Mn-LRP, largely dust); duration of exposure was also a strong 
predictor (Park et al., in this issue). The derivation of Mn-SRP and Mn-LRP was based on 
process characterization and location in the plant and job titles (Park et al., in this issue). In 
the absence of detailed particle-size information, we assumed that Mn-LRP exposures were 
generally > 1.0 μm in mass median aerodynamic diameter and Mn-SRP exposures < 1.0 μm 
diameter.
The present investigation used the exposure assessment (Baldwin et al., 2008) and the 
outcome data from the study of Mergler et al. (1994) and the 14-yr follow-up study of 
Bouchard et al. (2007) to examine in more detail the exposure-response relationships 
between airborne manganese and neurobehavioral outcomes. A special focus was comparing 
the relative potency of manganese as large respirable particulate (Mn-LRP) vs. small 
respirable particulate (Mn-SRP), understanding that some small particulate has mechanical 




Eight neurobehavioral outcomes that represent a range of attributes including motor and 
cognitive abilities were selected from the previous studies (Mergler et al., 1994; Bouchard et 
al., 2007). Exposure-response relations were examined for the full 1990 participant group (n 
= 244; two were excluded due to missing information on education) and for the subset of 
workers and community referents, who participated in both the 1990 and 2004 surveys (n = 
135). The majority of workers terminated employment in this plant between May and 
October 1991 and thus had up to a year of Mn exposure following the 1990 investigation.
For a sub-sample of the study group neurobehavioral test scores were analyzed as 
aggregated domain z-scores for the original 1990 population restricted on age (≥30) and 
employment duration in the study plant (≥10 yr) in order to make the exposed and referent 
groups comparable with respect to age and educational level. The mean non-exposed 
workers’ scores and standard deviations were considered as the reference value; the z-score 
was calculated as the observed score of the exposed and non-exposed workers minus the 
mean reference score, divided by the standard deviation of the reference score. The direction 
of score was standardized so that negative scores indicate poorer performance. The domains 
analyzed were: Executive Function (Stroop Color-Word Score, Trail-making Test B, Digit 
Span Backwards), other cognitive functions (Symbol Digit Modalities (written), Symbol 
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Digit Modalities (oral), Delayed Word Recall), and the Luria Nebraska Neuropsychological 
Test Battery Motor Scale.
2.2. Exposure history
The previously constructed exposure matrix for Mn providing estimates of total respirable 
particulate (Mn-TRP) in 14 time periods during 1973–1991 across 32 process-defined job 
groups (Baldwin et al., 2008) was used to distinguish Mn-LRP from Mn-SRP exposures 
based on process origin (Park et al., in this issue). The 14 periods captured changes in 
process including furnace modifications, maintenance shut-downs and two periods of plant 
closure. The available work history (Baldwin et al., 2008) consisted of the sequence of job 
group assignments for each worker across time, with associated dates. There was relatively 
little workforce turnover during 1973–1990 and some workers held numerous job 
assignments (more than 20). Duration of exposure to Mn exceeded 10 yr for 94% of the Mn 
alloy production workers population (mean = 14.4, maximum = 16.1 yr). The estimated 
time-weighted mean exposure of the Mn alloy production workers to respirable Mn was 
0.148 mg/m3. The mean cumulative exposures for Mn-LRP, Mn-SRP and Mn-TRP were, 
respectively, 0.92, 1.18 and 2.09 mg/m3-yr (Park et al., in this issue).
2.3. Exposure metrics
In order to model neurobehavioral status, cumulative exposure, cum(Mn), was calculated in 
the usual manner as a time-weighted sum of job assignment exposures up until the date of 
survey participation:
where X(ti) is the estimated respirable Mn concentration at time, ti, t1 is time of first 
exposure, t2 is time of survey. Time, ti, in this calculation, was partitioned into 10-day units. 
This metric is appropriate for an exposure effect that is irreversible and fast-acting. It takes 
no account of how much time has passed between the exposure event and measured effect.
Because excess Mn is under homeostatic control and is cleared from the body, exposure 
burdens, B(Mn), were calculated, as follows:
where T½ is the half-life specifying that the burden declines with time, at a fixed 
proportional rate (e.g., 50% per year). With half-life approaching ∞, BMn becomes the usual 
cumulative exposure. This metric would also better predict outcomes that have some 
reversibility of adverse effect because the burden resulting from a specific exposure episode 
also declines with subsequent time.
Cumulative burden, cumB (Mn), is the time-weighted sum of burden over time:
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as might be appropriate for an exposure resulting in tissue deposition from which toxic 
effects are continuing or from which progressive changes devolve (Links et al., 2001; 
Kriebel et al., 2007). With this metric, the effect of exposure at a point in time increases over 
the following observation period, even when exposure has ceased.
In order to examine dose-rate effects, some cumulative metrics summed exposure 
concentrations raised to the 0.5 or 2.0 power to determine whether low or high exposures 
contribute more or less than proportionally to subsequent effects. For example, the 
cumulative exposure metric with the square root of exposure intensity was:
When duration of exposure was found to be a strong predictor, a saturation threshold was 
examined by calculating exposure metrics in which Mn-SRP concentrations are truncated 
above some threshold value, such as 0.1 mg/m3. This metric could be appropriate if 
homeostatic mechanisms are limiting the blood or tissue excursions resulting from external 
exposures.
2.4. Statistical models
Eight neurobehavioral outcomes were modeled in relation to past Mn exposure with 
multiple linear regression using proc REG in SAS (SAS Institute, 2011). Age centered at 40 
yr, and education centered at 12 yr, together with their squares, were included in models. 
Different exposure metrics were compared based on model R2 and exposure term-associated 
t-statistics.
Outcome data for those workers evaluated in both 1990 and 2004 was analyzed using a 
mixed-effect linear regression model (proc MIXED in SAS) (SAS Institute, 2011) which 
permits within-worker comparison by allowing separate intercept estimates for each worker 
rather than assuming a uniform baseline score. The same age and education variables were 
included as in the previous regression models.
3. Results
3.1. Exposure-response for 1990 outcomes
Demographic characteristics of the populations analyzed are displayed in Table 1. In all 
cases mean ages and education attainment were quite similar between the alloy workers and 
referents.
The eight neurobehavioral tests previously analyzed as matched pairs (Mergler et al., 1994) 
or with multiple regression using an ordinal scale for exposure (Bouchard et al., 2007), all 
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showed deficits in performance in 1990 for the exposed workers compared to community 
referents and all but two (Stroop Color-Word and Digit Span) were statistically significant 
(Table 2). The Luria Nebraska Neuropsychological Test Battery Motor Scale scores showed 
the strongest effect. In the present analysis, as observed previously (Bouchard et al., 2007) 
smaller and mostly non-significant differences remained in the 2004 assessment that 
involved 137 of the 244 subjects participating in 1990. Examining the 1990 performance on 
the Luria-Nebraska Motor Scale in relation to various exposure metrics in the present study 
reveals the leading role of exposure duration in predicting the deficit (Table 3). With little 
dependence on half-life weighting, duration exhibits a highly statistically significant adverse 
effect (t ~ 5.0, p < 10−6). (Because of the relatively uniform distribution on employment 
duration, all duration metrics, with varying half-life, are highly correlated.) From a baseline 
of 5.96, 10 yr of Mn exposure was predicted to raise the Luria score to 7.82 (Table 4), 
corresponding to a 31 percent decrease in performance. For the 1990 data there is a weak 
suggestion of reversibility in that the burden metrics produce slightly better fitting models 
than cumulative exposure or cumulative burden. The Mn-LRP – dust – metric is barely 
significant. The Mn-SRP – fume – metric in various guises approaches the performance of 
duration, particularly the metric based on square root of Mn concentration, which exhibits a 
stronger suggestion of reversibility. The Mn-SRP metric based on exposures truncated 
above 25 μg/m3 and calculated with a 5 yr half-life is even better (t = 4.36, p = 10−5)(Table 
3).
For Trail Making A scores, duration is again a strong predictor with evidence of reversibility 
(t = 3.28, p = 0.001) but Mn-SRP (truncated at 25 μg/m3) is a comparable predictor (t = 
3.33, p = 0.001) with little evidence of reversibility. Delayed Word Recall is somewhat 
better predicted by Mn-SRP metrics (both square root and truncated versions) than by 
duration with short half-lives (for burden based on square root of intensity, t = −3.47, p = 
0.0005), suggesting a relatively fast reversible component (6 mo or less). For the 
Cancellation H test, duration is the best predictor (t = 2.73, p = 0.006) but with the Mn-SRP 
saturation metric (50 μg/m3 threshold and a 2 yr burden half-life) performing almost as well 
(t = 2.45, p = 0.01) (Table 3).
With Trail Making B, only duration metrics significantly predict deficits for the workers, 
with a suggestion of reversibility (Table 3). Finger Tapping scores are also predicted only by 
the duration metric, with suggestions of irreversibility and progression across all exposure 
metrics. Unlike all other outcomes studied, performance on the Stroop Word Test was best 
predicted by Mn-LRP – dust – (t =−2.92, p = 0.003); duration shows little association, and 
the effects based on dust (or fume) indicate a progressive deterioration (Table 3). In contrast, 
for the Stroop Color-Word Test, the best predictors were duration with a short half-life (t = 
−3.38, p = 0.0007) and the truncated or square root of fume cumulative burden measure with 
a long half-life (t = −3.37, p = 0.0007) (Table 3).
In the analysis here of the 1990 assessment, Digit Span was not well-predicted by any of the 
exposure metrics examined including duration (data not shown).
For the domain z-scores, the results were similar. In the Luria-Nebraska Luria Motor Scale, 
the R2 values were slightly higher than for the raw score, but duration of exposure was again 
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the best predictor followed by Mn-SRP (sqrt) (Tables 3 and 5). Executive Function z-scores 
showed the same patterns as the Trail Making B scores, and Other Cognitive tests were 
similar to scores on Delayed Word Recall and Cancellation H, the latter exhibiting superior 
prediction by Mn-SRP (sqrt) in the reversible realm in both z-scores and raw score (Tables 3 
and 5).
3.2. Mixed-effect models of neurobehavioral outcomes
Analyses were conducted among 135 study subjects who participated in both the 1990 and 
2004 neurobehavioral assessments permitting within-worker comparisons using a mixed 
effect linear regression model. In this design exposure metrics will differ for the two time 
points only because of the half-life time weighting or because a alloy worker may have 
continued briefly in employment beyond the time of the first survey until the plant closed 
later that year. For these analyses, the Mn-SRP saturation variable was calculated with a 
truncation above 150 μg/m3, the mean Mn concentration observed. All statistically 
significant effects were in the direction of diminished performance. For the Luria-Nebraska 
Motor Scale, duration was the best predictor (t = 3.98, p = 0.0001) as observed in the 1990 
results, and model fit improved with 5 yr half-life weighting for duration as both burden and 
cumulative burden, implying both reversible and progressive changes (Table 6). The Mn-
SRP metric as a burden based on square root of intensity was also a strong predictor (t = 
3.64, p = 0.0004), but with suggestion only of reversibility. Trail Making A and B were 
poorly predicted by simple cumulative exposure without half-life weighting, but quite 
significantly predicted by duration with a 5 yr half-life as both burdens (t = 3.69, p = 0.0003, 
and t = 2.77, p = 0.0065, respectively) and cumulative burdens (t = 3.84, p = 0.0002, and t = 
2.97, p = 0.0036, respectively). For scores on Trail Making A, Mn-SRP (square root), a 
somewhat weaker prediction but similar pattern is shown. Digit Span, which was not 
associated with any metric in the 1990 cross-sectional survey, was best predicted with 
duration (t = −2.34, p = 0.021), Mn-SRP (cumulative square root of intensity, t = −2.38, p = 
0.019), and SLP (t = −2.31, p = 0.023) all without half-life weighting, suggesting simple 
irreversibility (Table 6).
Delayed Word Recall scores were best predicted by duration as burden (for a 5 yr half-life, t 
= −2.32, p = 0.022) (Table 6). Cancellation H scores was significantly predicted by duration 
as a burden (t = 2.66, p = 0.009) and cumulative burden (t = 2.74, p = 0.007) but not by 
simple cumulative duration. Finger Tapping scores were not significantly predicted by any 
metric although fume as a cumulative burden was marginally significant. Stroop Color-
Word (word subtest) scores were better predicted by dust and fume metrics than duration, 
Mn-LRP being the best predictor (t = −2.58, p = 0.011) suggesting simple irreversible 
deterioration (Table 6). For the color/word subtest, Mn-SRP (square root) was the best 
predictor, slightly better than duration and also suggesting simple irreversible deterioration.
4. Discussion
4.1. Exposure metrics for homeostatically regulated substances
Because Mn is an essential nutrient, one might expect that adverse effects of chronic high 
airborne exposures would not be well-predicted by simple, linear cumulative exposure 
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metrics. Extensive analyses using physiologically based pharmacokinetic (PBPK) models 
accounting for oral, nasal and respiratory routes of entry and accommodating numerous 
tissue compartments support this concern (Andersen et al., 2010; Nong et al., 2008; 
Schroeter et al., 2011; Teeguarden et al., 2007a,b,c). Schroeter et al. (2011) synthesizes 
findings from multiple animal and human studies in a PBPK model that in simulations 
corresponds well to empirical observations. This model includes (a) saturable storage 
effects, (b) asymmetric diffusion (active or energy-dependent transport) of Mn and (c) dose-
dependent Mn elimination rates (apparent up-regulation of biliary elimination pathways). 
Early evidence of dose-dependent Mn elimination rates in men was observed by Mena et al. 
(1969) in active vs. inactive miners.
In a well-functioning regulatory system, with dose-dependent elimination rates, wide 
variation in airborne exposure concentrations could result in minor, relatively uniform 
excursions in excess tissue levels above some normal low set-point such that duration of 
exposure to respirable particles could become a reasonably predictive metric for adverse 
effects of exposures that do not exceed the control capability. This is what has been 
observed for the neurobehavioral endpoints in the Mn alloy production workers examined in 
the present study. The Mn-SRP metrics are considerably improved when square-root 
transformed to a supralinear form, or, in the extreme case, when truncated to a relatively 
low, fixed level. A more biologically plausible transformation might be intermediate 
between the two that were investigated.
PBPK investigations tend to involve steady-state conditions modeled with fixed kinetic 
parameters. But up-regulation and other control changes could complicate the dynamic 
behavior of the homeostatic systems. The response times for kinetic rate adjustments (hours, 
days, weeks?), etc., would need to be determined and is a largely unexplored area. The form 
of airborne exposure may be another complication with the available PBPK models. Doses 
delivered by nebulizer-generated dust aerosols of Mn, as used in some animal studies, where 
mass median aerodynamic diameters (MMAD) were almost 2.0 μm (Dorman et al., 2004), 
may not adequately represent workplace exposures to dusts and especially condensation 
fume with diameters ≪0.1 μm in terms of deposition and transport.
4.2. Reversibility and progression
Evidence of both reversible and progressive components in their exposure metric 
associations were shown for scores on the Luria-Nebraska Motor Scale, Trail Making A and 
B, Delayed Word Recall, Cancellation H, and (weakly) for Finger Tapping. The burden and 
cumulative burden metrics predicting these outcomes were stronger than cumulative 
exposure or duration (without time weighting). It is biologically plausible that either effect 
could occur due to repair, adaptation and cumulative deterioration mechanisms and, if both 
are present, would possibly suppress a cumulative exposure association. Irreversible effects 
in the longitudinal analysis (better predicted by cumulative exposure than by burden or 
cumulative burden) were absent or statistically nonsignificant for five of the outcomes tests 
studied: Trail Making A and B, Delayed Word Recall, Cancellation H, and Finger Tapping.
Different optimum metric associations for the outcomes studied could merely result from 
random error but may reflect different pathways and mechanisms of action, or target tissues. 
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The Stroop Color-Word Test scores were unique in that duration was not a significant 
predictor and irreversible Mn-LRP was the best one, better than Mn-SRP. For some 
pathways, very small particulate at the nano-level may be the primary source of internal 
dose whereas for others, particles of any respirable size may suffice. Smaller particles may 
produce a more rapid uptake of Mn than larger ones, which could affect the efficacy of 
homeostatic control.
4.3. Digit Span and inter-individual variability
A statistically significant irreversible effect of Mn exposure for Digit Span performance was 
observed with a repeated measure, mixed-effect, linear model, where none was observed in 
the 1990 cross-sectional survey. This suggests that controlling between-individual 
variability is more important for this outcome, compared to the others.
4.4. Comparison with other studies
Only a few published studies have had detailed retrospective exposure assessments for 
respirable Mn and none have distinguished large vs. small respirable particulate. Roels et al. 
(1992) analyzed workers at a dry alkaline battery factory with average Mn in dust exposures 
of 1.78 mg/m3 (total) and 0.30 mg/m3 (respirable), and observed statistically significant 
associations between cumulative exposure to Mn dust (total and respirable) and measures of 
visuo-motor performance. The small-particulate composition in the Roels studies (<0.10 μm 
MMAD) was not known. For comparison, in the current Mn-alloy production study, where 
duration of exposure and, in some cases cumulative exposure to small respirable particles, 
were strong predictors, the average respirable Mn exposure concentration was 0.15 mg/m3 
(or 0.065 mg/m3 as large respirable particulate), somewhat lower than in the Roels 
populations.
In a study of Italian Mn alloy production workers (Lucchini et al., 1999), a cumulative 
exposure index was the main predictor of neurobehavioral outcomes. It is noteworthy that 
Health Canada used this study for the reassessment of the Mn RfC, adopting a cumulative 
exposure index based on small respirable particulate (http://www.hc-sc.gc.ca/ewh-semt/
pubs/air/manganese-eng.php). Although imprecision increased with applying estimates of 
respirable proportion across job tasks, the respirable cumulative exposure index was the best 
predictor neuropsychological deficits. Scores on the partial version of the motor scale of the 
Motor Scale of the Luria-Nebraska Neuropsychological Battery (items 1–5), used by 
Lucchini et al. (1999) and serum prolactin showed the strongest associations. Similar to the 
present study, results on the tests from the motor scale of the Luria-Nebraska Battery were 
associated with the estimated cumulative index based on respirable particulates, but not the 
one based on total dust.
Deschamps et al. (2001) studied pigment workers with Mn exposures of 3.24 mg/m3 (total) 
and 0.057 mg/m3 (respirable) and observed symptoms (sleep disturbance, headache) but no 
associations of clinical neurological effects with duration of exposure. Average exposure 
duration was 20 yr but Mn blood levels were not elevated compared to unexposed controls. 
The small proportion of exposure that was respirable (1.8%) indicates that most exposure 
Park et al. Page 9













was in large particulate and the levels of small respirable particulate were probably quite 
low (≪0.057 mg/m3).
Gibbs et al. (1999) investigated workers at an electrolytic manganese manufacturing plant 
compared with workers at a companion plant without Mn exposure. Average exposure to 
respirable Mn was 0.066 mg/m3 (total Mn: 0.18 mg/m3). Duration of Mn exposure and 
measures of lifetime respirable cumulative exposure (as well as that accruing in the past 
month or year) exhibited no significant associations with a variety of measures of hand and 
postural movement disorders although there was evidence of uncontrolled confounding by 
shift-work status: compared to controls, Mn-exposed workers had work schedules more 
associated with neurobehavioral deficits. Exposures at this facility as respirable dust were 
somewhat lower than those in the population studied here (Baldwin et al., 2008) and Mn was 
not present as a condensation fume; no description of the submicron Mn particulate size 
distribution was available.
In a study of bridge-pier welders working in confined spaces (Bowler et al., 2007, 2011), 
cumulative exposure to Mn in welding fume (adjusted for use of personal protective 
equipment) was a considerably better predictor of neuropsychological outcomes than 
duration of exposure (Park et al., 2009), unlike the results in the present Mn alloy production 
plant study. However, the average exposure level in one major group of the welders in that 
study was 0.34 mg/m3, largely as welding fume (respirable), and in one 6 month period of 
the two yr project, the average was 0.44 mg/m3; the overall time-averaged exposure to Mn 
fume for all bridge welders was 0.15 mg/m3 (Park et al., 2009). In the study population in 
the present study, all but one job (furnace laborer) had average fume exposures during 
almost all time periods of less than 0.17 mg/m3 and the overall time-averaged exposure to 
Mn SRP was 0.082 mg/m3.
The possibility that homeostatic regulation is overwhelmed at levels above 0.2–0.3 mg/m3 
Mn as fume, and possibly dust, needs to be considered. The evidence suggests that the 
traditional cumulative exposure metrics may well predict neurobehavioral effects when 
exposures are high enough to defeat homeostatic regulation.
5. Conclusion
Adverse neurobehavioral effects of respirable exposures in this manganese-alloy production 
facility appear largely to depend on furnace-area emissions rather than mechanically 
generated dusts. These furnace emissions originate as much smaller particles and have 
distinct surface characteristics. Comparing predictions using metrics with diverse treatment 
of time since exposure suggests that there are reversible, irreversible and progressive 
changes with Mn exposure for selected outcomes.
Duration of exposure itself is a strong predictor of effects probably reflecting homeostatic 
control of Mn tissue levels for airborne exposures less than 0.2 mg/m3 respirable Mn. The 
challenge for risk assessment is to identify the upper bound of internal Mn tissue levels 
under normal metabolic regulation, establish an exposure response in this range on external 
exposures, and determine if the maximum level of acceptable risk is exceeded in that range 
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of Mn exposure. If not, then the more complex exposure response in the region of failing 
homeostatic regulation would need to be described.
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Table 1
Demographic attributes and duration of Mn exposure in study populations.
Study population Age in 1990 Education (yr) Duration of Mn exposure (yr)
Full 1990 population
Referents (n = 138) 43.0 10.8   0.0
Alloy workers (n = 106) 44.3 10.6 14.4
1990 population with z-score domains
Referents (n = 124) 44.2 10.6   0.0
Alloy workers (n = 105) 44.3 10.6 14.4
Population studied in both 1990 and 2004
Referents (n = 67) 43.0 11.1   0.0
Alloy workers (n = 68) 43.9 10.9 14.7
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Table 4
Linear regression model for Luria Motor Scale (T score) on duration of Mn exposure and demographic risk 
factors.
var Parameter estimate SE of estimate t p-Value
Intercept   5.958 0.420 14.18 <10−6
Age-40   0.129 0.067   1.93        0.055
(Age-40)2   0.005 0.005   1.03        0.31
Education-12 yr −0.325 0.139 −2.34        0.020
(Education-12)2   0.048 0.028   1.70        0.091
Duration of exposure   0.187 0.037   4.99 <10−6
Predicted Luria Motor Scale Score for 40 yr-old unexposed worker with 12 yr education = 5.96; for same worker with 10 yr exposure (no half-life 
imposed), predicted Luria Motor.
Score = 5.958 + 10 × 0.1865 = 7.82
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Table 6
Neurobehavioral outcomes from 1990 and 2004 with best mixed effect models: duration, cumulative 
exposure, and burden/cumulative burden (half-life of 5 yr) metrics.
Cumulative exposure metric X Luria Motor 
scale Duration
Trail Making A 
(s) Duration
Trail Making B 
(s) Duration
Digit Span SRP(sqrt) Delayed Word 
Recall Duration
B(Mn) t 4.65 3.69 2.77 −1.78 −2.32
p <.0001 0.0003 0.0065   0.078   0.022
cum(Mn) t 3.98 0.77 0.87 −2.38 −1.66
p 0.0001 0.44 0.39   0.019   0.099
cumB(Mn) t 4.43 3.84 2.97 −1.72 −2.00
p <.0001 0.0002 0.0036   0.088   0.048
Cumulative exposure metric X Cancellation H (s) 
Duration
Finger Tapping (2 
hands) SRP(sqrt)




B(Mn) t 2.66 −1.29 −2.17 −1.41
p 0.0088   0.20   0.032   0.16
cum(Mn) t 1.14 −0.11 −2.58 −2.29
p 0.26   0.91   0.011   0.023
cumB(Mn) t 2.74 −1.73 −2.22 −1.60
p 0.0070   0.086   0.028   0.11
X – exposure metric; duration – any current exposure; LRP – large respirable particulate; SRP (sqrt) – small respirable particulate based on sq. root 
of Mn conc; B(Mn) – burden of respirable Mn; cum(Mn) – cumulative exposure to respirable Mn; cumB(Mn) – cumulative burden of respirable 
Mn; t – t-statistic; p – p-value. Subjects evaluated in both 1990 and 2004; n = 135 (68 alloy workers, 67 community referents).
Model predictors are linear and quadratic terms for age and education, and exposure metric; fit with random intercept.
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